The observation has been reported in a brief note ~ of a characteristic absorption spectrum in filtrates of C. diphtheriae. The pigment responsible for the selective absorption may be extracted from the culture liquid after this has been metabolized by the bacteria and is found to belong to the group of the porphyrins. The origin of the pigment from the cytochrorne of the bacilli is therefore highly probable, if not certain. Since the constitution of cytochrome--a term which at the present time signifies only a characteristic absorption spectrum subject to oxidation-reduction change--is uncertain, it appeared desirable to undertake a more intensive investigation in the hope of throwing light on the structure and the function of this intracellular pigment. A peculiar and unexpected immunological interest arose from the relation which was observed between the presence and amount of the porphyrin and the biological reactivity of the culture filtrate.
The cultures of C. diphtheriae were grown according to the procedure employed for the production of diphtheria toxin. After various periods of incubation the culture liquid was passed through a Berkefeld candle. The filtrates were examined spectroscopically with a Spencer spectrometer equipped with a Wallace replica grating of 10,100 lines to the inch. Quantitative spectrum determinations were made with a large Hilger spectrometer in conjunction with a Bausch and Lomb reversible photometer. The lamp, the specimen tube support, and the various optical elements with the exception of the spectrometer were mounted on saddlestands on a Zeiss optical bench. The solutions were placed in saccharimeter tubes of 200 mm. length, or in Scheibe cells with quartz ends. A rotating sector was placed in the path of the comparison beam of light, with the sector opening adjusted to admit 5 per cent of this beam to the photometer window, so that the balance-point might not fall near the extreme position of the analyzing Nicol in the photometer quadrant. An Osram point lamp and a ribbon-filament lamp were used as sources of light for the spectroscopic examinations.
Absorption bands may be seen in culture flasks seeded with C. diphtheriae as early as the first day of incubation. For such observation the flasks were placed without d,isturbance of the pellicle directly before the slit of the spectrometer. The bands which become visible first and which are always the densest, have their maxima at m~ 574 and 537. Additional absorption bands may be" seen in some cases near 591 and 617, and also in a few instances near 625 and 640. The density of the absorption could be gauged roughly without the use of a photometer and it was noted invariably that when the absorption in the two main bands was dense, the flocculation titer was high, and when the absorption was faint, the flocculation titer was low. The more exact data on this relation will be presented below.
The reductive conditions which prevail within the growing culture facilitate spectroscopic observation by maintaining in the reduced and less deeply colored state a pigment which is produced during cultivation but is distinct from the porphyrins. In its oxidized state it gives an almost complete cut-off below 510, so that in the case of the filtrates, which had been in contact with air, it was found desirable to add a few granules of Na~S204 to reduce this pigment and render the banded absorption of the porphyrin more distinct.
The approximate position and relative intensity of the absorption bands in six culture filtrates of different flocculation titer are shown in Fig. 1 in the form of spectrophotometric graphs. The medium was the same for all and was prepared with a recent Witte peptone in which we have found that the reducible pigment mentioned above is produced in small amount. Three of the cultures were of the Park-Williams No. 8 strain, the others were of different strains of lower toxin-producing ability. The incubation time was 13 days. To obtain the curves of Fig. 1 , the extinction coefficients for a column 200 mm. in length of the uninoculated bouillon, reduced with Na2S204 were subtracted from the values found for the culture filtrates under the same conditions. The differences which have been plotted as ordinates against the wavelengths as abscissae, give the density values for the substances which have been added to the bouillon during the growth of the culture, as they appear after reduction with Na~S204.
or treated with NaBOa. ~o
The selective absorption which gives rise to the bands at 574 and 537 in the series represented in Fig. 1 is actually of the same intensity when the reducing agent is added as when the filtrate is exposed to air (H~O2 could not be used as an oxidizing rea- addition to that which has been referred to above and which is likewise not a porphyrin. These two pigments have similar spectrochemical properties. Further consideration of them would be without significance for the present purpose. On the addition of K3FeCN6 the bands at 574 and 537 completely disappear, but can be brought back by adding Na2S~O4. If this experiment is repeated a number of times on the same filtrate, the bands in the reduced state fade and eventually cannot be restored. It is therefore evident that the pigment which absorbs at 574 and 537 is not autoxidizable but is capab]e of reversible oxidation-reduction change.
The investigation of the porphyrin pigments was carried further with their extraction from the filtrates. Our procedure was as follows: to 100 cc. of filtrate were added 10 cc. of glacial acetic acid and 30 cc. of ether in a separatory funnel, and the mixture agitated without sufficient violence to cause foaming. The purple ether layer was decanted from the layer of emulsion and precipitate, and the extraction repeated with fresh acetic acid-ether. Two or more extractions of the separated aqueous layer were required to extract the pigment completely if its amount were large. The united ether portions were washed with distilled water until nearly acid-free.
Spectroscopic examination of the ether extracts from different filtrates shows that they contain varying amounts of two porphyrin substances (Fig. 2) . One of these may be separated by shaking the washed ether extract with 5 per cent HC1. This dissolves out a porphyrin in which the positions of the main bands, in comparison with the values in brackets given by Schumm ~ for coproporphyrin, are as follows: 3 and 4. Complex porphyrin isolated from a filtrate. 5 and 6. Copper compound of a preparation of coproporphyrin which was obtained from a filtrate.
7, 8 and 9. Coproporphyrin isolated from a filtrate. The porphyrins were in ethereal solution. Wratten and Wainwright panchromatic plates were used with toluidine blue filter to reduce the sensitivity of the plates to the red portion of the spectrum.
The reference lines are those of helium.
PORPtfYRINS IN CULTURES OF C. DIPHTHERIAE
The same values within close limits are found in the solution of ~t/5 phosphate buffer of pH 7.5, but when dissolved in M/100 NaOH, there is a shift of the bands toward the violet, to give: The values in brackets are those of Schmnm, for the copper compound of coproporphyrin.
The HCl-soluble porphyrin of the filtrates appears therefore to be coproporphyrin.
We have not been able on account of the lack of material, to identify by means of melting-point determinations the particular isomer of coproporphyrin which is represented. We have, however, obtained the characteristic bipyramidal crystals of the hydrochloride by slow evaporation of the solution in HCI.
Quantitative determination of the extracted coproporphyrin was made on solutions in 5 per cent HC1, using the maximum of absorption at mg 546 for spectrophotometric measurement. The results will be considered below.
The ether extract of the filtrates contains after separation of the coproporphyrin a complex porphyrin which does not correspond as far as we have been able to determine with any porphyrin which has been hitherto described. It is soluble in ether, glacial acetic acid, pyridine, and aqueous alkali; it is insoluble in 5 per cent (or stronger) HCI, but soluble in the acid form in chloroform. The solutions have a blueviolet color; the absorption bands are as follows: This porphyrin is unstable and breaks down to yield two recognizable constituents, which are coproporphyrin and the copper compound of coproporphyrin.
A solution in glacial acetic acid yields after a few hours standing a large portion of coproporphyrin and a small portion of the copper compound of coproporphyrin. These have been identified in accordance with the values given in an earlier part of this paper. The complex porphyrin appears stable, at least over a period of several weeks, in ethereal solution when washed acid-free. In acetic acid-ether solution, we have observed the gradual fading of the band at m~ 574 and the simultaneous appearance of the band at 561 of the simple copper compound. If an ethereal solution is shaken with 25 per cent HC1, the disintegration of the complex is prompt and complete. The resulting coproporphyrin passes into the aqueous phase, while the ether phase shows only the bands of the copper coproporphyrin compound. Disintegration occurs also in alkaline aqueous solution and is accelerated by light and heat. In M/10 NaOH the spectrum of the unaltered complex is visible for only a few minute s before the bands of coproporphyrin appear.
In consequence of this instability, it has been so far impossible to obtain the complex porphyrin in crystalline form. The evaporated residue of an ethereal solution, although apparently stable in vacuo, undergoes disintegration when brought into the laboratory atmosphere.
The instabilityof the complex makes it difficult to detect an oxidationreduction change. However, one can be made out if the material is kept under spectroscopic observation during all procedures and if the experiment is carried out rapidly. On the addition of a few drops of a strong solution of K3Fe(CN)8 to 34 cc. of a solution of the complex in M/10 NaOH, the bands fade and almost completely disappear. They return to their original intensity after the addition of hydrazine hydrate. Repetition of this test leads, as in the original filtrate, to a destruction of the complex porphyrin.
The complex porphyrin is undoubtedly that constituent of the culture filtrate pigment which yields the peaks of absorption of m~ 574 and 537. This is evident from the close correspondence in the position of the bands of the extracted porphyrin with those in the filtrate at these wave-lengths. It is impossible to decide from the present data whether or not the porphyrin exists in the filtrate in combination with some substance which is split off during extraction, although no evidence is afforded by the spectro-chemical behavior of a difference in combination between the pigment in the filtrate and in corresponding solution (with consideration of pH for example) after extraction.
Hill 3 has found that of the compounds of the porphyrins with the heavy metals, only those with Fe, Co, and Mn show oxidation-reduction change. This would lead us to believe that the complex porphytin which can manifest such a change, contains Fe. Inasmuch as the porphyrin has not been obtained in crystalline form, the result of analysis is not above suspicion; the test for Fe on a digest however, was strongly positive. The complex porphyrin actively catalyzes the oxidation of phenolphthalin by H~O~, a result which would point further to the presence of Fe in pyrrol combination in the porphyrin, but a weak peroxidase action has been given by our preparations of coproporphyrin as well as by a crystallized preparation of copper mesoporphyrin, so that the action may be due in all of these cases to minute traces of Fe-pyrrol material present as impurity.
The origin of the copper which appears in the copper-coproporphytin derivative of the complex is a matter of some interest. Fischer 4 has shown that solutions of coproporphyrin held in brass containers may form the copper compound. Throughout all of our procedures, contact of the filtrates and the extracted porphyrins with metal was avoided except during filtration when the alkaline bouillon (pH 7.2 -8.0) came into contact with the brass stem of the filter candle. The absorption bands of the complex porphyrin are visible in the culture liquid before filtration, so that it is entirely probable that the source of the copper is the prepared culture bouillon which provides this element during the growth and autolysis of the bacteria.
The available evidence indicates that the complex porphyrin is a chemical entity, and that it contains both Fe and Cu in combination with coproporphyrin. In deliberate mixtures of the complex porphyrin and its two derivatives, and in old filtrates which have been stored for several months, the bands of coproporphyrin and its copper compound may be distinguished along with those which have been deHill, R., Biochem. J., 1925, 19, 341. 4 Fischer, H., and Fink, H., Z. physiol. Chem., 1925, 150, 243. scribed for the complex porphyrin. The latter cannot be regarded therefore as merely a mixture of the two derivatives, a possibility which is further excluded by its insolubility in 5 per cent HC1.
Quantitative determinations of the complex porphyrin were made on solutions in ether, using the position of the maximum absorption at 574 for spectrophotometer measurement. The results will be considered below in connection with the relation of the pigments to the biologic reactivity of the filtrates.
The identification of the extracted simple coproporphyrin with a pigment constituent of the filtrates is somewhat more difficult than in the case of the complex porphyrin. An alkaline solution of coproporphyrin as mentioned above shows a band at 617 which corresponds to a similar band in some filtrates. The bands of coproporphyrin about 561 and 537, which we have found in weakly alkaline solutions would be merged with those of the complex porphyrin, in the filtrates; a band is visible about 500, but is indistinct owing to the optical density of the filtrates in this region. The band seen at m~ 591 in the filtrates is not a~ected by the addition of hydrazine hydrate, but disappears on the addition of Na2S204 and is replaced by a band at 605, which may be seen in Fig. 1 . It seems probable therefore that the change observed is not simply an oxidation-reduction shift. We have twice isolated hematin from filtrates which contained no other porphyrin substance, and it is possible that the band at 591 is that of a hematin which is changed by Na2S204, with the 19ss of its Fe, into coproporphyrin. The band which we have seen in numerous cases, as in the series of Fig. 1 , between 625 and 630 belongs apparently to coproporphyrin. Because of the inconstancy of these bands and the lack of any apparent relation to the biological reactivity of the filtrates, we have given them minor consideration.
The relation between the porphyrin in the filtrates and their biological reactivity may be analyzed graphically by plotting the content of porphyrin against the titer obtained on flocculation with antitoxic serum. This has been done in Fig. 3 were made at m~ 574 so that the values derive chiefly if not entirely from the complex porphyrin. The method of obtaining these values has been given above in the discussion of Fig. 1 .
The values for the complex porphyrin fall along a straight line within limits which indicate a close proportionality between this porphyrin and the biologically active constituent of the filtrates. The experi-mental error in measuring the pigment within the filtrate (open circles in the graph) is somewhat greater than in the case of the extracts since it is necessary to determine two values, one of which,--that for the bouillon without the porphyrin,--can only be approximated in some cases. Except for such cases, the data for all the filtrates which we have examined are included, without selection, in the graph.
The relation between porphyrin and biologic reactivity appears more striking when it is understood that the filtrates which provide the data for Fig. 3 , were prepared under a wide variety of conditions. Eleven lots of bouillon with five different peptones, and four strains of C. diphtheriae are represented. The incubation periods varied from 3 to 13 days.
No relation is evident between the extracted coproporphyrin (triangles in the graph) and the biologically active constituent. The values for this pigment are distributed almost at random, although in general with higher flocculation values there is found more of this porphyrin.
The correspondence which we have found between the flocculation titer and the content of complex porphyrin under varied conditions has the degree of closeness indicated in Fig. 2 , only when the cultures have been grown in 250 to 300 cc. amounts. We have found in a few experiments that if the volume of the original culture be 600 cc., the content of complex porphyrin is smaller relative to the flocculation titer than in cultures grown in smaller volume. The ratio of total porphyrin to this titer is the same as in the smaller volumes, in which the proportionality of total porphyrin to flocculation titer is not as close as in the case of the complex porphyrin alone. This suggests that a relation similar to that between toxin and toxoid is involved in the distribution of pigment between simple and complex porphyrin.
The porphyrin is carried down along with the toxin in precipitation by acid. The porphyrin also follows the toxin in the method of Gross, s which employs adsorption by Mg(OH)~ for the purification of toxin. Antitoxic serum however in optimal amount causes flocculation of the biologically active constituents of the toxic filtrate but leaves the porphyrin in the supernatant fluid. The porphyrin is therefore not combined with the toxin as this exists in the filtrate.
Locke and Main ~ have found that toxin concentrated by acid precipitation shows a ratio of copper to iron of 40:1 compared to 10:1 in the uninoculated medium. This accumulation of copper in the toxin precipitate may be explained by the association of the toxin with the complex porphyrin which contains copper. Since the freshly grown bacilli according to Locke and Main show no accumulation of copper, it is possible that the porphyrin combines with the copper of the culture medium only after the liberation of the pigment from the bacilli. In view of the fact, however, that the complex porphyrin which contalus copper shows an oxidation-reduction change and yields iron on analysis, it seems probable that the combination with copper takes place when the coproporphyrin is still combined with iron in the form of hemochromogen or natural porphyratin (SchummT).
DISCUSSION
Coproporphyrin was recognized as a product of bacterial metabolism by Fischer and Schneller, s who obtained it from yeast. It occurs also in old tuberculin (Fischer and Fink4). The occurrence in feces and in materials which have been exposed to putrefaction suggests that it has in these cases also a bacterial derivation. The amount of this porphyrin which is produced in favorable cultures of C. diphtheriae is very large and far in excess of that which we have been able to extract from much larger amounts of baker's yeast.
Coproporphyrin may therefore be regarded as a component, perhaps the fundamental pyrrol constituent, of cytochrome. Its liberation in cultures of C. diphtheriae, in contrast to the drastic chemical procedures by which it may be produced from other sources, takes place as a result of natural processes. It is entirely probable that these involve an enzymgtic cleavage of the substance of the bacteria. We have not been able to derive more than traces of porphyrLu by any chemical extraction from the masses of freshly grown diphtheria bacilli.
Porphyrin has been extracted from diphtheria filtrates by CampbellSmith, 9 who did not, however, find any relation between the pigment and the biological titer. The spectroscopic values for the ether extract which Campbell-Smith has kindly communicated to us, are as follows: 623, 573-570, 537-525, together with the common porphyrin band at 410. It is entirely probable from consideration of this spectntm, that these extracts contained the porphyrins which we have described here.
The porphyrin as it occurs in our filtrates is not for the most part in its simplest form, but appears to be combined with iron, and contains copper. The degradation of the complex porphyrin to coproporphyrin takes place with such readiness that it seems extraordinary that the cleavage of cytochrome should proceed only this far without being carried promptly to the final stage of coproporphyrin.
The copper content of the complex porphyrin is a matter of interest in view of the analytical association of copper with hemoglobin and the effect of copper on the regeneration of hemoglobin (Elvehjeml°). Although the purest samples of hemoglobin contain the least copper on analysis, 1° it is possible that a copper-containing porphyrin is the nucleus in the formation of the more complex respiratory pigments. In the case of the porphyrin it is not apparently a case of salt formation with the copper cation, since we have not been able to obtain the test for copper ion.
Although it appears certain, chiefly from the survival of the porphyrin under conditions which attenuate or destroy the toxin, that the complex porphyrin is not itself the toxic principle, the relation between the two makes it seem probable that the toxin is elaborated by the same process which yields the porphyrin. The toxin may conceivably represent the nitrogenous base, n or a fraction of it, which is combined with the porphyrin in the complex structure of cytochrome.
SUMMARY
A complex porphyrin which has not been hitherto described is found in liquid cultures of C. diphtheriae. The porphyrin is a combination of coproporphyrin with both iron and copper, and shows an oxidationreduction change. This is the first report, as far as we are able to determine, of a porphyrin compound which contains both iron and 10 Elvehjem, C. A., J. Biol. Chem., 1931, 90, 111. n Anson, M. L., and Mirsky, A. E., J. Gen. Physiol., 1928-29, 12~ 273 
